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(54) Wide band raman amplifiers 

(57) The specification describes a distributed Ram- 
an amplifier with multiple pump sources for wide band 
amplification of wavelength division multiplexed (WDM) 
signals. It was recognized that using multiple pump 
sources introduces non-linear effects, such as four 
wave mixing (FWM). These effects are reduced by mul- 
tiplexing the pump wavelengths in the multiple pump 
source. It was also recognized that not all of the pump 



wavelengths over the wavelength spectrum of the 
pumps contributes to FWM. Thus fewer than all of the 
pump wavelengths require multiplexing to eliminate 
FWM in the multiple wavelength pump source. Various 
approaches are described to ensure that the pump 
wavelengths do not interact in FWM in the transmission 
span. The selected individual pump wavelengths may 
be either time division multiplexed, or frequency modu- 
lated. 
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Description 

Field of the Invention 

[0001] This invention relates to Raman amplifiers, 5 
and more particularly to distributed Raman amplifiers 
with flat gain over a wide band of wavelengths. 

Background of the Invention 

10 

[0002] Optical transmission systems employ Wave- 
length Division Multiplexing (WDM) to increase informa- 
tion handling of an optical fiber transmission line, typi- 
cally a long haul transmission line. Early WDM systems 
operated with a relatively narrow wavelength band- 15 
width, centered around 1550 nanometers, e.g. 
1 530-1 565 nanometers, often referred to as the C-band. 
This is the wavelength region where standard silica 
based optical fibers have optimally low absorption. 
[0003] In most WDM systems there is a trade-off be- 20 
tween the number of channels the system accommo- 
dates and the channel separation. Both goals favor a 
wide operating spectrum, i.e. a wide range of operating 
wavelengths. 

[0004] Recently, systems have been designed that 25 
extend the effective operating wavelength range well 
above the C-band transmission band. In terms of wave- 
length, the new band, referred to as the L-band, is var- 
iously defined, but for the purpose of this description is 
1570-1610 nanometers. Use of these added wave- 30 
lengths substantially extends the capacity of WDM sys- 
tems. There is an ongoing effort to further extend the 
effective operating wavelength window to above 1610 
nm, for example to 1620 nm. Success of these efforts 
will depend on finding components, for example ampli- 35 
tiers, that provide effective operation over this broad 
wavelength range. 

[0005] In WDM systems, it is important to have uni- 
form gain over the entire WDM wavelength band. This 
objective becomes more difficult to reach as the operat- <o 
ing wavelength range is extended to longer wave- 
lengths. Recently, new types of optical fiber amplifiers 
have been developed that operate using Raman scat- 
tering. The most prominent of these is a distributed am- 
plifier that operates over the normal transmission span 45 
as a traveling wave amplifier. Raman scattering is a 
process by which light incident on a medium is convert- 
ed to light at a lower frequency than the incident light. 
The pump photons excite the molecule up to a virtual 
level (non-resonant state). The molecular state quickly so 
decays to a lower energy level emitting a signal photon 
in the process. Because the pump photon is excited to 
a virtual level Raman gain can occur for a pump source 
at any wavelength. The difference in energy between 
the pump and signal photons is dissipated by the mo- 55 
lecular vibrations of the host material. These vibrational 
levels determine the frequency shift and shape of the 
Raman gain curve. The frequency (or wavelength) dif- 
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ference between the pump and the signal photon is 
called the Stokes shift. In Ge-doped silica fibers, the* 
Stokes shift at which the maximum gain is obtained is 
- 1 3 THz. Due to the amorphous nature of silica the Ra- 
man gain curve is fairly broad in optical fibers. 
[0006] Since Raman scattering can occur at any 
wavelength, this can be exploited to advantage in a tel- 
ecommunication system that contains multiple signal 
wavelengths by using Raman pumps at several different 
wavelengths to amplify the signals. The gain seen by a 
given wavelength is the superposition of the gain pro- 
vided by ail the pumps, taking into account the transfer 
of energy between the pumps due to Raman scattering. 
By properly weighting the power provided at each of the 
Raman pump wavelengths it is possible to obtain a sig- 
nal gain versus wavelength profile in which there is a 
small difference between the gain seen by different sig- 
nal wavelengths (this difference is called the gain ripple 
or gain flatness). 

[0007] A multiplicity of pumps has been used suc- 
cessfully in many different experiments. There is how- 
ever one persistent problem with this approach. A del- 
eterious nonlinear effect called four-wave mixing (FWM) 
can sometimes occur. In telecommunications systems, 
if FWM occurs in the signal band this may lead to trans- 
mission errors. As the number of pumps in a multi-pump 
wavelength Raman amplification scheme increases, the 
likelihood of FWM increases. 

[0003] The harmful effects of four-wave mixing have 
been recognized. Recently one approach towards re- 
ducing these effects has been proposed [EP 1 148 666 
A2]. In this approach the pump wavelengths are either 
time division multiplexed (TDM) together, or the fre- 
quency of the pump source is modulated (FM). Since 
the various pump wavelengths overlap for only a small 
distances along the fiber, FWM between the pump 
wavelengths should be eliminated or severely reduced 
[0009] While this approach would eliminate FWM, the 
nominal pump power requirements in this system are 
relatively high. Moreover, to TDM a relatively large 
number of pump wavelengths, some operating at rela- 
tively high power, adds significantly to the cost of the 
system. Reducing either of these requirements would 
significantly enhance the attractiveness of using multi- 
plexed pump wavelengths to control deleterious FWM 
effects. In addition, a Raman amplifier that is effective 
in producing uniform and flat gain over the C + L-band 
would represent an important technological advance in 
DWDM system design. 

Statement of the Invention 

[0010] The invention is based in part on an under- 
standing that the FWM effect is not uniform for all pump 
wavelengths. We analyzed the pump wavelengths and 
powers required to provide a flat Raman gain to the C 
and L-band of a distributed Raman amplifier. From this 
analysis, certain pump wavelengths were identified 
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FWM is especially aggravated. Some wave- 
lengths, the shortest wavelengths in the pump spectrum 
of the examples described below, produce little or no 
FWM. It was also observed that the power required at 
the longer wavelengths is significantly less than at the 
shorter wavelengths. This is because the shorter wave- 
lengths pump the longer wavelengths in the transmis- 
sion span. Following this understanding, the elimination 
of deleterious FWM can be realized by using TDM or 
FM only for the pump wavelengths that contribute to this 
process. The amount of power required by this TDM or 
FM scheme is reduced since it takes advantage of the 
pumping of the longer wavelengths by the shorter wave- 
lengths in the transmission span. The longer wave- 
lengths already have lower launch powers. Results in- is 
elude: 

1 ) By TDM fewer pumps, the switching requirement 
on each pump is reduced, as well as the peak pow- 
ers required. 20 

2) The frequency range required of an FM source 
is reduced. 

3) With fewer pumps to modulate the total cost of 
electronics decrease. 

4) By narrowing the frequency range required for 25 
pump multiplexing, the demands on a swept wave- 
length source are reduced, making that option more 
attractive and feasible. 

Brief Description of the Drawing 30 

[0011] 

Fig. 1 is a simplified diagram of a Raman optical 
fiber amplifier; 35 
Fig. 2 is a schematic view of the optical fiber used 
in the amplifier of Fig. 1 ; 

Fig. 3 is a schematic representation of the operation 
of an optical fiber Raman process; 
Fig. 4 is a curve showing the normalized Raman 40 
gain spectrum for a Ge-doped silica optical fiber; 
Fig. 5 is a plot of pump power vs. pump wavelength 
for a flat gain ripple in the C + L band of 140 km of 
optical fiber; 

Fig. 6 is a plot of amplifier gain vs. pump wavelength 45 
using the pump of Fig. 5; 

Fig. 7 is a schematic representation of one possible 

four-wave mixing (FWM) process; 

Fig. 8 is a schematic diagram of a multi-wavelength 

pump using time division multiplexed (TDM) pump so 

wavelengths; 

Fig. 9 is a plot showing the relationship between 

four-wave mixing and pump wavelength; 

Fig. 10 is a schematic representation of a Raman 

amplifier using the principles of the invention; 55 

Fig. 11 is a schematic representation of a frequency 

modulated (FM) multi-wavelength pump; 

Fig. 1 2 shows an example of a paired pump source 
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according to an alternative embodiment of the in- 
vention; 

Fig. 1 3 shows the TDM pattern for the pump wave- 
lengths of Fig. 12; and 

Figs 14 and 15 show alternative arrangements for 
the pump direction. 

Detailed Description 

[0012] Referring to Fig. 1, the arrangement shown 
represents a distributed Raman optical fiber amplifier 
structure with transmission span 11, most typically an 
optical fiber. The transmission span 1 1 represents a fib- 
er of substantial length, typically in excess of 1 km. It 
will be evident to those skilled that the figures in this de- 
scription are not drawn to scale, and the elements are 
schematically shown. For purposes of illustrating the de- 
tails of the description, the preferred embodiment of the 
invention, i.e. a distributed amplifier where the amplifier 
medium is the normal transmission span is shown. The 
principles of the invention also apply to discrete ampli- 
fiers, where the amplification medium is a dedicated 
length of optical fiber, or other suitable traveling wave 
medium. The length of fiber represented by 11 is pref- 
erably at least 500 m in length to allow for the optical 
interactions that produce signal amplification. The am- 
plifier is typically end pumped, and counterpumped, as 
shown in the figure by pump source 1 3 coupled into the 
core of the fiber through coupler shown schematically 
at 12. Typical pump wavelengths are 14xx nanometers, 
but can also be at other wavelengths. The input signal 
is represented by 14, and the amplified signal output is 
shown at 16. 

[0013] Referring to Fig. 2, an end of the optical fiber 
is shown. This view is also representative of a cross sec- 
tion taken at any position along the fiber. The fiber com- 
prises a core 21 and a cladding 22. The core of the fiber 
is typically Ge-doped silica. Alternatively, it may be 
doped with phosphorus, or other index modifying impu- 
rities, or combinations of these. The cladding layer is 
preferably a high silica material, i.e. at least 85% Si0 2 . 
In some preferred structures it may be pure silica, orflu- 
orine-doped silica. The fiber also has a protective coat- 
ing 23, typically a polymer coating. 
[0014] The dimensions of the structure shown in Fig. 
2 may vary substantially. The cladding layer diameter is 
typically in the range 50-400 u.m, and preferably 70-300 
urn. The core diameter is typically 2 -12 urn. 
[0015] Optical fiber Raman amplifiers operate on the 
principle that light scattered in a silica based optical fiber 
has a wavelength lower than that of the incident light. 
This is illustrated schematically in Fig. 3, where a pump 
photon, v p , excites a molecule up to a virtual level (non- 
resonant state). The molecule quickly decays to a lower 
energy level emitting a signal photon, v s , in the process. 
An important point to note is that, because the pump 
photon is excited to a virtual level, Raman gain can oc- 
curfor a pump source at any wavelength. The difference 
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in energy between the pump and signal photons is dis- 
sipated by the molecular vibrations of the host material. 
These vibrational levels determine the frequency shift 
and shape of the Raman gain curve. The frequency (or 
wavelength) difference between the pump and the sig- 
nal photon is called the Stokes shift. In Ge-doped silica 
fibers, the Stokes shift at which maximum gain is ob- 
tained Is —13 THz. Due to the amorphous nature of silica 
the Raman gain curve is fairly broad in optical fibers. 
The normalized Raman gain spectrum for a Ge-doped 
optical fiber is shown in Fig. 4 as a function of frequency 
shift from the pump. 

[0016] In a telecommunication system that contains 
multiple signal wavelengths Raman pumps at several 
different wavelengths may be used to amplify the sig- 
nals, since Raman scattering can occur at any wave- 
length. The gain seen by a given wavelength is the su- 
perposition of the gain provided by all the pumps taking 
into account the transfer of energy between the pumps 
due to Raman scattering. By properly weighting the 
power provided at each of the Raman pump wave- 
lengths it is possible to obtain a signal gain versus wave- 
length profile in which, there is a small difference be- 
tween the gain seen by different signal wavelengths. 
This difference is called the gain ripple or gain flatness, 
and may be expressed in dB as (Gmax-Gmin). 
[0017] An example of a multiple pump system that is 
designed to produce a flat gain is shown in Fig. 5. Note 
that the power levels required at the longer wavelengths 
are significantly less than those at the shorter wave- 
lengths. Use of this multiple pump arrangement in a 
WDM Raman amplifier produces the output WDM signal 
shown in Fig. 6, where a relatively flat gain is obtained 
over the C-and L-bands. 

[0018] As described earlier, the use of multiple pumps 
introduces the problem of four wave mixing (FWM). 
Four-wave mixing occurs when photons of one or more 
waves combine to create photons at other frequencies. 
The new frequencies are determined as such that total 
energy and momentum (phase matching) is conserved. 
One possibility of this is shown schematically in Fig. 7. 
In the context of this description, the three wavelengths, 
vp1 , vp2, and vp3, correspond to two or more individual 
pump wavelengths, ft is significant to note that FWM re- 
sults from non-linear interaction between three wave- 
lengths which, in the illustration given here, are three 
pump wavelengths. It is also possible for FWM to occur 
with only two pump wavelengths, and a third wavelength 
from another source that travels in the medium. 
[0019] In a telecommunications system, spurious 
wavelength components resulting from FWM in the sig- 
nal band may lead to transmission errors. Unlike Raman 
scattering in which the phase matching conditions are 
automatically satisfied, the efficiency of FWM depends 
on a proper choice of frequencies and refractive indices. 
There are three contributions to the phase mismatch, 
material dispersion, waveguide dispersion and fiber 
nonlinearity. By manipulating the location of the zero dis- 



persion wavelength (hence the waveguide dispers*ion) r 
of the fiber, very efficient FWM can occur. In practice 
this translates to either having a pump wavelength near 
the dispersion zero of the fiber, or two pumps with wave- 

5 lengths on either side of the dispersion zero. It therefore 
becomes clear that as the number of pumps in a multi- 
pump wavelength Raman amplification scheme in- 
creases the likelihood of FWM increases. 
[0020] An effective approach towards reducing FWM 

10 effects is to time division multiplex (TDM) the multiple 
pump wavelengths. Since the various pump wave- 
lengths overlap for only small distances along the fiber, 
FWM and other deleterious nonlinear effects arising 
from interactions between the pump wavelengths are 

15 eliminated or severely reduced. A TDM multiple pump 
source is shown schematically in Fig. 8. Laser diode 
pump sources 71, 72, and 73 operating at 1480 nm, 
1494 nm, and 1508 nm, respectively, are synchronized 
together and multiplexed into separate time slots repre- 

20 sented by 74, 75 and 76. Pump sources 71 and 72 are 
combined in WDM combiner 81 , and pump source 73 is 
added to 71 and 72 at WDM combiner 82. While the ap- 
proach represented by Fig. 8 will aid in controlling FWM 
and other deleterious nonlinear effects, there are sev- 

25 eral problems with it. 

1) First large amounts of peak pump powers are re- 
quired in order to maintain the same gain flatness. 
This can lead to other detrimental nonlinear effects. 
30 2) As the number of TDM pumps needed increase, 
the switching speed requirements also increase. 
This also increases the peak power needed. 

3) Likewise for a FM source. With an increasing wid- 
er range of signal wavelengths, the rate at which 

35 the source would have to be modulated and the 
power required both increase. 

4) Modulating the diodes is more costly than run- 
ning them with a constant output, for a TDM scheme 
this means the cost associated with the pump in- 

40 creases with the number of wavelengths. 

5) For a FM scheme the large frequency range re- 
quired is a severe constraint on the possibilities for 
developing such a source. 

45 [0021] Alleviating these conditions according to the 
invention follows two important discoveries. First, all of 
the pumps do not contribute to deleterious FWM. In one 
typical case, shown in Fig. 9, it is only the three longest 
wavelengths that are involved in the FWM mechanism. 

so The figure shows backscattered energy vs. wavelength 
in nanometers for five WDM channels in the wavelength 
range of 1525 nm to 1550 nm. There are two curves, 
the solid curve represents backscatter with no signal, 
and the dashed curve represents backscatter with the 

55 signal on. The pump wavelengths are at 1445 nm, 1466 
nm, 1480 nm, 1494 nm, and 1508 nm. This illustration 
involves only part of the C- band, but other portions of 
the C+L-band will show qualitatively similar effects. 
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Analysis shows that the backscatter peak at approxi- 
mately 1527 nm is the result of FWM between the pump 
wavelengths 150B nm, 1494 nm and 1480 nm. With ref- 
erence to Fig. 7, these correspond to vp1 , vp2 t and vp3 
respectively. The peak at 1527 corresponds to vFWM. 
The peak at approximately 1 537 nm is the result of FWM 
where vp1 is 1 494 nm, vp2 is 1 480 nm, and vp3 is 1 445 
nm. The peak at approximately 1540 nm is the result of 
FWM where vp1 Is 1508 nm, vp2 is 1494 nm, and vp3 
is 1466 nm. From Fig. 7 it will be understood that all 
three pump wavelengths are necessary to produce the 
FWM peaks in Fig. 9. The recognition that the longer 
wavelengths are the main participants in the FWM for 
all three peaks, leads to one aspect of the invention. By 
multiplexing just the longer wavelengths, i.e. 1480 nm, 
1494 nm, and 1508 nm, ensures that there is no time 
when all of the wavelengths necessary for FWM are 
present simultaneously. Therefore it is not necessary, in 
order to obtain the advantages of TDM multiple pump 
sources, to TDM ALL the multiple pump sources. With 
proper selection, fewer than all can be multiplexed. The 
remaining pumps are operated CW. A system based on 
these principles is shown in Fig. 10. This results in a 
significant advance in terms of the factors enumerated 
above. Once it is recognized that fewer than all of the 
pump sources need to be multiplexed, the selection of 
those is straightforward. The measurements implicit in 
Fig. 9 follow well-known principles, and may be con- 
firmed empirically. 

[0.022] Similar objectives may be reached by using an 
alternative to TDM, i.e. using a frequency modulated 
pump source. By sweeping through the multiple pump 
wavelengths with a single source diode, only one wave- 
length is launched at a time, thus eliminating-the poten- 
tial for FWM. This approach is illustrated in Fig. 11, 
where a swept frequency source 91 is used in place of 
the multiple diodes 71 -73 of Fig. 8. This approach is sim- 
pler in some ways to implement, but wideband single 
sources are not as well developed, as are components 
for the system of Figs. 8. However, with the advent of 
these components the systems of the invention may be 
implemented as effectively, or even more effectively, 
with FM approaches. It is significant to point out that the 
wavelength range required for the swept wavelength 
source is reduced using the principles of the invention. 
For example, the swept diode of Fig. 10 (FM) and Fig. 
11 may operate over the wavelength range 1480 nm - 
1508 nm while the remaining pumps operating in the 
1420 nm -1480 nm range are individual diodes operat- 
ing CW. 

[0023] The multiple pump multiplexing technique is 
effective in a counter propagation configuration since 
the signal channels walk through the modulated pumps. 
If the pump powers are increased so as to compensate 
for the decreased interaction length, the path-averaged 
Raman gain is constant. The rate at which the TDM or 
FM source cycles through all the different pump wave- 
lengths also has to be fast enough so that no gain de- 
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pendent modulation of the signal power occurs. Past 
work on noise transfer from the pump to signal suggests 
that the overall repetition rate for all the pump wave- 
lengths should be greater than 50 kHz. Each wave- 
5 length is then modulated approximately n times faster, 
where n is the number of wavelengths. Note that the 
modulation rate and required peak powers are linked. 
The higher the modulation rate the more peak power 
needed at a given wavelength. 
10 [0024] In doing these analyses, it was also recognized 
that the pump power required at the longer wavelengths 
is significantly less than that at the shorter wavelengths. 
This is because the shorter wavelengths Raman pump 
the longer wavelengths in the transmission span. This 

*s then makes acceptable, from a power standpoint, the 
elimination of the deleterious FWM by only using TDM 
or FM at the longer pump wavelengths. To fully equalize 
the overall multiplexed source actually requires that the 
laser diode sources for the individual pump wavelengths 

20 be tuned to provide unequal power. This reduces the 
power requirements for the longer wavelength sources, 
and also reduces the overall pump power that is con- 
tained in the TDM pump source. Reducing overall pump 
power can have several important system advantages, 

25 which are well known in the art. 

[0025] To obtain the benefit of Raman energy ex- 
change between individual pumps requires that the 
length of the interaction be substantial, i.e. 1 kmormore. 
This length may represent a transmission span operat- 

30 jng in a distributed mode (typically longer than 1 km, i. 
e. 3-1 00 km) or may be an optical fiber used in a discrete 
amplifier device. 

[0026] To summarize, reducing the number of multi- 
plexed pump sources, has these advantages. 

35 

1) The amount of power required by the selective 
pump source multiplexing of the invention is re- 
duced since it takes advantage of the pumping of 
the longer wavelengths by the shorter wavelengths 

40 jn the transmission span. The longer wavelengths 
already have lower launch powers. 

2) By reducing the amount of multiplexing, the 
switching speeds required of each pump and the 
required peak powers are reduced. 

45 3) The frequency range required of an FM source 
is reduced. 

4) With fewer pumps to modulate the total cost of 
electronics decrease. 

5) By narrowing the frequency range the number of 
so approaches towards developing a swept wave- 
length source increases. 

[0027] In the prior art approach, wherein all of the 
pumps in the multiple pump system are multiplexed, 
55 there is no Raman exchange of energy between the in- 
dividual pumps. As shown above, these interactions can 
be useful in reducing the pump powers required for the 
longer wavelength pumps, i.e. those that are Raman 
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pumped by the shorter wavelengths. A modlf ication of 
the approach just described is to use multiple TDM or 
FM modulation patterns. Essentially this approach is 
based on the recognitions described above, but uses a 
different selection method for the pump signals that are 5 
multiplexed. This allows the device designer to use the 
Raman interactions between individual pump sources 
to advantage and still reduce or eliminate FWM effects. 
This is shown schematically in Figs. 12 and 13. In this 
exemplary system, four pump wavelengths are used. 10 
Four-wave mixing components are generated by the 
combination of X A +X 2 ^X 3 and X^X^X A . If the modula- 
tion of the pumps at X 1 and overlap, and the modu- 
lation of the pumps at and X 4 overlap, all deleterious 
FWM could be eliminated. This modulation scheme is is 
shown in Fig. 1 3. In addition the pump at JL, can still am- 
plify that at X3 and that at can pump that at in the 
transmission span. The same approach could be used 
for two FM sources, in which one source sweeps from 
^ to A^, while another sweeps from X3 to X 4 . In either 20 
case the transmission fiber is being used advanta- 
geously to amplify a time varying pump source. 
[0028] The concept of using the transmission span as 
an amplifier for the TDM or FM pump source can be ex- 
tended into using multiple order pumps. The advantag- 25 
es of this approach was recently pointed out in (U.S. 
Pat. No. 6,163,630). In multiple order Raman pumping 
the signal light is greater than 1 .5 Stokes shift away from 
the maximum gain frequency of the pump light. As an 
example in 2 nd order pumping, a pump wavelength 2 30 
Stokes shifts away from the signal light is used to pump 
a 1 81 order Stokes pump that is 1 Stokes shift away from 
the signal light. This is illustrated in Figs. 1 4 and 1 5. Two 
configurations are illustrated. In the first case, Fig. 14 r 
both a 1 st and 2 nd order pump are counter pumped rel- 35 
ative to the signal light. It takes a finite length of fiber for 
the 2 nd order pump to be converted to the 1st order 
pump. The 1 st order pump then pumps the signal. This 
then allows the signal amplification to occur closer to the 
signal input end of the fiber. In a second embodiment of 40 
this approach, the 2nd order pump travels in the same 
direction as the signal (co-pumped) (Fig. 15), and the 
first order pump is counter pumped. The 2nd order pump 
pumps the first order pump at the input end of the fiber, 
which allows the 1 sl order pump to pump the signal. This 45 
again allows the Raman gain to occur closer to the sig- 
nal input end of the fiber. Multiple order pumping is ad- 
vantageous because in first order Raman pumping the 
pump generally travels in the opposite direction of the 
signal. Most of the amplification occurs near the signal so 
output end of the transmission span. At this position in 
the fiber the signal power has already significantly de- 
graded. If the Raman gain seen in the fiber can occur 
closer to the signal input end of the fiber an improved 
signal to noise ratio (SNR) and noise figure (NF) is ob- ss 
tained. The power needed for a second order pump is 
fairly modest. In one example of a dual order pumped 
system, the power ratio for a 1366/1455 nm pump was 
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970/10 mW respectively. With such low powers at 1**55 
nm this approach would also seem ideal for using a 
CW-TDM or CW-FM scheme, by taking advantage of 
the low power requirements. 

[0029] Although originally conceived as a means of 
mitigating FWM there are several additional advantages 
to the invention. There is a significant cost reduction if 
one desired to update an existing system to expand op- 
eration over a over a wider bandwidth. Instead of replac- 
ing all of the current pumps one might only need to add 
a few additional pumps that can be modulated. Also by 
manipulating the pump pattern and or power levels, a 
certain degree of control of the gain flatness over some 
channels can be obtained. This would allow for different 
gain profile shapes. In addition, nonlinear effects such 
as FWM or supercontinuim generation can be reduced 
or eliminated by allowing selective modulation of pumps 
around the zero dispersion wavelength of the fiber. 
[0030] Although the foregoing embodiments describe 
distributed Raman amplifiers operating in the C- and L- 
bands, the principles of the invention may be applied to 
Raman amplification of other wavelengths, e.g. the S- 
band. Therefore the range of signal wavelengths con- 
templated for the invention is 1490 nm to 1610 nm, and 
above. The range of pump wavelengths will typically be 
1380 nm to 1520 nm, although other wavelengths may 
be found useful. 

[0031] Suitable pump sources for implementing the 
invention are semiconductor diodes, e.g. Si, GaAIAs, In- 
GaAs, InGaAsP. Semiconductor pump lasers are pre- 
ferred but other pump sources, e.g. Nd-glass, Ti-sap- 
phire, can be used. 

[0032] In most cases it is contemplated that the am- 
plifier of the invention will be counter-pumped. One of 
the examples above describes a counter pump and a 
co-pump, and typically some, if not all, counter-pumping 
will be used. 

[0033] As described above, the invention may be im- 
plemented using either TDM or FM of fewer than ail the 
amplifier pump sources. The term modulating, where 
used in this description or in the claims below, is intend- 
ed to include both TDM and FM. 
[0034] Various additional modifications of this inven- 
tion will occur to those skilled in the art. All deviations 
from the specific teachings of this specification that ba- 
sically rely on the principles and their equivalents 
through which the art has been advanced are properly 
considered within the scope of the invention as de- 
scribed and claimed. 



Claims 

1 . An optical system using Raman amplification com- 
prising: 

a. a length of optical waveguide, 

b. lightwave signal means for introducing a 
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lightwave signal into the optical waveguide, the 
lightwave signal comprising at least three 
wavelength division multiplexed (WDM) wave- 
lengths, 

c. optical pump means for introducing lightwave s 
pump energy into the core of the glass fiber, 
whereby the lightwave pump energy interacts 
with the lightwave signal to produce Raman 
amplification of the lightwave signal, the optical 
pump means comprising N individual pump 10 
sources, where N is at least 3, each operating 
at a different wavelength, the invention charac- 
terized by means for modulating N - x of the N 
individual pump sources, where x is at least 1 . 

15 

2. The fiber amplifier of claim 1 wherein the optical 
waveguide comprises a length of optical fiber. 

3. The fiber amplifier of claim 1 wherein the lightwave 
signal travels in one direction in the optical fiber and 20 
the lightwave pump energy travels in the opposite 
direction. 

4. The fiber amplifier of ciaim 1 wherein the N - x indi- 
vidual pump sources are time division multiplexed. 25 

5. The fiber amplifier of claim 1 wherein the N - x indi- 
vidual pump sources are frequency modulated. 

6. The fiber amplifier of claim 1 in which N is at least 30 
3 and x is at least 2. 

- 7^ The fiber amplifier of claim 2 wherein the optical fib- 
er comprises Ge-doped silica. 

35 

8. The fiber amplifier of claim 1 wherein the N individ- 
ual pump sources operate in the wavelength range 
1380 nm to 1520 nm. 

9. The fiber amplifier of claim 8 wherein the WDM *o 
wavelengths are in the range 1490 nm -1610 nm. 

10. The fiber amplifier of claim 1 wherein the N individ- 
ual pump sources are divided into at least two pairs 

P1 and P2, and the pairs are time division multi- 45 
plexed. 

11. The fiber amplifier of claim 1 wherein the N individ- 
ual pump sources are divided into at least two pairs 

P1 and P2, and the pairs are frequency modulated, so 

12. The fiber amplifier of claim 1 wherein at least one 
of the N individual pump sources is at least 1.5 
Stokes shift away from the maximum gain peak of 
one other of the N individual pump sources. 55 
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